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Abstract	  
	  The	  coconut	  palm	  (Cocos	  nucifera	  L.)	  is	  a	  monotypic	  member	  of	  the	  Cocoseae	  tribe	  (subtribe	  Attaleinae)	  and	  its	  evolutionary	  history	  is	  profoundly	  intertwined	  with	  that	  of	  human	  civilization.	  It	  is	  well	  adapted	  to	  drift-­‐dispersal	  by	  oceanic	  currents,	  colonizing	  coastal	  ecosystems	  and	  islands.	  Both	  today	  and	  in	  the	  past,	  humans	  have	  exploited	  it	  as	  a	  potable	  source	  of	  water,	  nutritious	  food,	  fibre	  and	  shelter	  during	  their	  prehistoric	  voyages	  of	  civilization	  across	  the	  Pacific	  and	  Indo-­‐Atlantic	  Oceans.	  This	  long-­‐term	  human	  interaction	  and	  dissemination	  has	  altered	  its	  phenotype	  and	  the	  lack	  of	  a	  universal	  domestication	  trait	  has	  obscured	  the	  putative	  wild	  phenotype	  and	  its	  original	  geographical	  location.	  The	  main	  objectives	  of	  this	  phylogenomic	  study	  of	  the	  coconut	  are:	  1)	  to	  determine	  the	  centre	  of	  coconut	  domestication,	  2)	  elucidate	  the	  geographical	  origin	  of	  the	  coconut,	  3)	  identify	  hotspots	  of	  genetic	  diversity,	  4)	  understand	  migration	  and	  gene	  flow	  patterns	  and	  5)	  the	  impacts	  of	  domestication	  on	  coconut	  genome	  size.	  Bayesian	  analysis	  of	  population	  genetic	  structure	  was	  applied	  to	  multi-­‐locus	  microsatellites	  generated	  from	  1,322	  coconut	  accessions	  from	  across	  the	  species	  range.	  Results	  strongly	  suggest	  that	  coconuts	  are	  differentiated	  into	  two	  genetic	  populations	  corresponding	  to	  the	  Indo-­‐Atlantic	  and	  Pacific	  oceanic	  basins.	  This	  pattern	  suggests	  independent	  regions	  of	  domestication	  in	  these	  two	  regions	  and	  proposed	  two	  centres:	  island	  Southeast	  Asia	  and	  the	  southern	  margins	  of	  the	  Indian	  subcontinent.	  I	  uncovered	  evidence	  for	  admixtures	  between	  these	  populations	  consistent	  with	  Austronesian	  trade	  routes	  from	  Southeast	  Asia	  to	  Madagascar	  and	  Arab	  trading	  along	  east	  African	  coast.	  To	  address	  the	  overarching	  objective	  of	  the	  geographical	  origin	  of	  the	  coconut,	  I	  integrated	  the	  sub-­‐disciplines	  of	  phylogeography,	  phylogenetics	  and	  population	  genetics	  to	  evaluate	  four	  criteria:	  i)	  ancestral	  haplotype	  location,	  ii)	  phylogeny	  and	  divergence	  times,	  iii)	  coalescence	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and	  ancestral	  reconstruction	  and	  iv)	  genetic	  diversity.	  I	  applied	  high	  throughput	  sequencing	  technology	  from	  chloroplast	  (14	  loci)	  and	  nuclear	  (4	  loci)	  genomes	  from	  118	  coconuts	  across	  19	  subpopulations	  representing	  the	  species’	  distribution.	  Evaluation	  of	  criteria	  using	  genomic-­‐scale	  sequence	  data,	  taken	  together	  with	  fossil	  evidence,	  suggest	  that	  the	  ancestral	  geographical	  origin	  of	  the	  extant	  coconut	  is	  likely	  in	  Australasia	  encompassing	  Australia,	  Indonesian	  Archipelago	  and	  Papua	  New	  Guinea.	  The	  Indo-­‐Atlantic	  is	  a	  hotspot	  for	  genetic	  diversity	  and	  a	  sink	  population.	  Migration	  patterns	  and	  gene	  flow	  directions	  were	  inferred	  by	  testing	  hypotheses	  of	  migration	  models	  based	  on	  geographical	  and	  genetic	  a	  priori	  implementing	  Bayesian	  coalescent	  framework	  and	  Log	  Bayes	  Factors	  (LBF).	  For	  first	  set	  of	  models,	  LBF	  indicated	  that	  the	  coconut	  is	  not	  panmictic.	  The	  network	  model	  showed	  migration	  trend	  from	  out	  of	  Southeast	  Asia	  into	  Oceania	  consistent	  with	  Austronesian	  migrations.	  For	  the	  second	  set,	  bi-­‐directional	  gene	  flow	  model	  between	  the	  Indo-­‐Atlantic	  and	  Pacific	  showed	  best	  support.	  The	  impact	  of	  domestication	  on	  genome	  size	  and	  ploidy	  levels	  was	  investigated	  by	  flow	  cytometry	  technique.	  Quantifications	  of	  genome	  size	  of	  23	  cultivars	  including	  Talls,	  Dwarfs,	  hybrids	  and	  wild-­‐sown	  coconuts	  indicate	  variation.	  My	  findings	  demonstrated	  that	  highly	  domesticated	  Dwarf	  types	  expressed	  significantly	  less	  genome	  size	  variation	  than	  the	  Tall	  types.	  Ancestral	  reconstruction	  of	  genome	  sizes	  amongst	  Attaleinae	  show	  that	  polyploidy	  evolved	  independently	  at	  least	  four	  times.	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   PHYLOGENOMICS	  OF	  THE	  COCONUT	  (COCOS	  NUCIFERA	  L.)	  
CHAPTER	  1:	  INTRODUCTION	  	  	   The	  coconut	  (Cocos	  nucifera	  L.)	  encapsulates	  the	  history	  of	  humanity	  in	  the	  humid	  tropics	  because	  its	  usefulness	  has	  enabled	  mankind	  to	  colonize	  islands	  and	  create	  trade	  routes	  across	  the	  Pacific,	  Atlantic	  and	  Indian	  Oceans.	  Both	  historically	  and	  today,	  this	  palm	  has	  a	  myriad	  of	  uses	  as	  a	  source	  of	  food,	  drink,	  and	  fuel	  (Burkill,	  1966;	  Purseglove,	  1972).	  	  Every	  part	  of	  the	  plant	  is	  useful	  to	  man,	  and	  recently	  coconut	  oil	  has	  been	  manufactured	  into	  bio-­‐diesel	  in	  the	  Pacific.	  The	  history	  of	  dispersal	  and	  domestication	  of	  this	  species	  is	  thus	  fundamentally	  intertwined	  with	  human	  history	  in	  the	  tropics.	  	  Currently,	  little	  is	  known	  about	  the	  domestication	  of	  the	  coconut,	  location	  of	  its	  geographical	  origin,	  dispersal	  history	  and	  the	  impacts	  of	  domestication	  on	  its	  genome	  size.	  Understanding	  the	  phylogeography,	  phylogenetics	  and	  population	  genomics	  of	  this	  species	  would	  provide	  profound	  insights	  into	  our	  own	  history	  on	  this	  planet.	  	  
Cocos	  nucifera	  L.,	  a	  monotypic	  genus	  in	  the	  Cocoseae	  tribe	  (Arecaceae),	  is	  monoecious	  and	  reproduces	  entirely	  by	  seed.	  	  Coconuts	  are	  adapted	  to	  drift-­‐dispersal	  by	  ocean	  currents	  (Edmondson,	  1941)	  and	  the	  fossil	  records	  indicate	  that	  the	  species	  underwent	  an	  ancient	  (mid-­‐Tertiary)	  dispersal	  event	  long	  before	  being	  exploited	  by	  humans	  (Sauer,	  1971;	  Gunn,	  2004).	  	  Importantly,	  this	  early	  dispersal	  is	  expected	  to	  have	  created	  a	  population	  genetic	  signature	  in	  this	  species,	  so	  that	  the	  dispersal	  route	  could	  be	  traced	  by	  examining	  the	  phylogeographic	  structure	  of	  plants	  sampled	  across	  the	  species	  range.	  	  	  Superimposed	  on	  this	  ancient	  phylogeographic	  structure	  is	  the	  more	  recent	  history	  of	  dispersal,	  cultivation	  and	  domestication	  by	  humans.	  	  It	  is	  widely	  accepted	  that	  the	  cultivated	  coconut	  exists	  in	  two	  main	  forms,	  niu	  kafa	  and	  niu	  vai,	  
	  	   2	  
which	  are	  distinguished	  by	  the	  nut-­‐to-­‐husk	  ratio	  and	  fruit	  shape	  (Harries,	  1978).	  	  Plant	  breeders	  distinguish	  the	  mostly	  cross-­‐pollinating	  Tall	  type	  from	  the	  mostly	  self-­‐pollinating	  Dwarf	  type.	  	  “Dwarfs”	  are	  short-­‐stemmed,	  mostly	  autogamous	  and	  presumed	  to	  be	  the	  more	  highly	  domesticated	  form	  due	  to	  their	  habit,	  low	  genetic	  variation,	  fruit	  color	  and	  occurrence	  near	  human	  habitation.	  	  “Talls”	  have	  long	  stems,	  are	  later	  bearing	  and	  mostly	  allogamous.	  “Talls”	  can	  bear	  fruits	  that	  are	  niu	  
kafa	  or	  niu	  vai	  types	  depending	  on	  the	  cultivar	  whereas	  “Dwarfs”	  only	  bear	  niu	  vai	  type	  fruits.	  “Tall”	  varieties	  have	  higher	  genetic	  variability	  and	  are	  preferred	  for	  plantations	  because	  their	  endosperms	  produce	  higher	  quality	  copra.	  	  Current	  data,	  while	  limited,	  suggest	  that	  the	  “dwarfs”	  worldwide	  are	  closest	  genetically	  to	  the	  “Talls”	  in	  the	  Pacific,	  tentatively	  suggesting	  a	  single	  domestication	  origin	  of	  the	  “Dwarfs”	  (Lebrun,	  Grivet	  et	  al.,	  1998).	  	  However,	  due	  to	  its	  long	  history	  of	  dispersal,	  first	  by	  water	  alone	  and	  then	  by	  human	  activity,	  the	  identity	  and	  location	  of	  the	  origin	  of	  domestication	  is	  still	  unknown.	  	  1.1	  Ancient	  distribution	  and	  dispersal	  of	  coconut	  The	  natural	  range	  of	  the	  coconut	  species,	  predating	  humans,	  is	  most	  likely	  in	  the	  Indo-­‐Pacific	  (Dransfield,	  Uhl	  et	  al.,	  2008).	  The	  earliest	  coconut	  endocarp	  fragments	  and	  roots,	  similar	  to	  the	  niu	  kafa	  type,	  were	  documented	  from	  Aneityum	  Island	  (Vanuatu)	  and	  radiocarbon	  dated	  to	  5,040	  BP;	  these	  coconuts	  are	  thought	  to	  have	  arrived	  by	  natural	  dispersal	  (Spriggs,	  1984).	  	  Other	  early	  coconut	  remains	  (4,555	  BP)	  were	  discovered	  on	  Aitape	  (northern	  Papua	  New	  Guinea)	  in	  association	  with	  human	  skeletal	  remains	  (Hossfeld,	  1965).	  	  On	  Pagan	  (Marianas),	  Fosberg	  and	  Corwin	  (1958)	  identified	  a	  fossil	  coconut	  seedling	  and	  attributed	  it	  to	  human	  dispersal	  in	  Quaternary	  tuff	  (4,000	  BP),	  although	  Sauer	  (Sauer,	  1971)	  argued	  that	  it	  was	  pre-­‐human	  based	  on	  the	  geology	  of	  the	  region.	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1.2	  Human-­‐mediated	  dispersal	  The	  waves	  of	  Austronesian	  voyagers	  during	  the	  Holocene,	  most	  likely	  from	  island	  Southeast	  Asia	  (Soares,	  Rito	  et	  al.,	  2011)	  were	  responsible	  for	  the	  spread	  of	  the	  coconut’s	  range	  in	  Oceania,	  and	  the	  presence	  of	  wild	  coconuts	  aided	  their	  colonization	  of	  these	  islands.	  	  Coconuts	  were	  critical	  for	  survival	  on	  these	  islands	  as	  well	  as	  during	  their	  long	  sea	  journeys	  (Bellwood,	  1978;	  Massal	  and	  Barrau,	  1980).	  The	  Seychelles	  are	  ancient	  oceanic	  islands	  and	  among	  the	  last	  to	  be	  discovered	  by	  humans.	  Abundance	  of	  	  “coker	  nutts”	  was	  reported	  by	  two	  separate	  chroniclers	  of	  the	  Ascension	  captained	  by	  Alexander	  Sharpeigh,	  which	  happened	  onto	  the	  Seychelles	  islands	  in	  1609	  (Sauer,	  1967).	  	  In	  the	  Seychelles,	  the	  cultivated	  coconuts	  have	  been	  proposed	  to	  represent	  independent	  domestication	  of	  the	  native	  coconuts,	  which	  had	  extremely	  thick	  husks	  and	  small	  nuts,	  rather	  than	  introduction	  of	  domesticated	  varieties	  from	  other	  regions	  (Sauer,	  1967).	  Pre-­‐Columbian	  records	  by	  Oviedo	  (1851)	  documented	  the	  presence	  of	  coconuts	  and	  cultural	  uses	  by	  the	  indigenous	  Indians	  on	  the	  Pacific	  coast	  of	  Panama,	  Costa	  Rica	  and	  Colombia	  (Stone,	  1966;	  Zizumbo-­‐Villarreal	  and	  Quero,	  1998).	  	  In	  Panama,	  coconuts	  were	  grown	  but	  not	  used	  for	  fibers,	  as	  cotton	  and	  agave	  provided	  this	  need	  (Stone,	  1966).	  	  Early	  Spanish	  settlers	  established	  coconut	  plantations	  in	  the	  Central	  and	  South	  American	  coasts,	  most	  likely	  from	  stocks	  from	  the	  Philippines	  and	  Panama.	  	  Coconuts	  were	  not	  recorded	  as	  growing	  in	  the	  Atlantic-­‐Caribbean	  region	  until	  their	  introduction	  by	  Portuguese	  colonizers.	  	  The	  first	  record	  of	  coconut	  introduction	  to	  the	  West	  Indies	  was	  in	  1582	  in	  Puerto	  Rico	  from	  Portuguese	  plantations	  in	  Cape	  Verde.	  	  The	  Portuguese	  started	  coconut	  plantations	  in	  West	  Africa,	  Cabo	  and	  Brazil	  during	  the	  16th	  Century,	  after	  Vasco	  da	  Gama’s	  expedition	  in	  1498	  to	  the	  Indian	  Ocean	  (Sauer,	  1967).	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1.3	  Present-­‐day	  wild	  populations	  Gruezo	  (1984)	  described	  a	  coconut	  population	  from	  eastern	  Samar	  Island	  (Philippines)	  showing	  no	  evidence	  of	  domestication	  and	  growing	  in	  an	  area	  that	  has	  had	  minimal	  human	  influence,	  both	  historically	  and	  today.	  Buckley	  (1984)	  similarly	  reported	  putative	  wild	  populations	  on	  Lizard	  Island	  (Australia);	  both	  of	  these	  Pacific	  populations	  are	  “Talls”	  characterized	  by	  niu	  kafa-­‐like	  fruits.	  	  It	  has	  been	  suggested	  that	  at	  the	  eastern	  edge	  of	  the	  Pacific,	  there	  is	  occurrence	  of	  a	  natural	  coconut	  population	  on	  the	  Pacific	  coast	  of	  Colombia.	  Fossil	  cocosoid	  fruit	  from	  the	  upper	  Paleocene	  has	  been	  discovered	  in	  northern	  Colombia	  by	  Gomez-­‐Navarro	  et	  al.	  (2009),	  providing	  further	  evidence	  for	  the	  long-­‐term	  occurrence	  of	  the	  species	  in	  this	  region.	  	  Hill	  (1929)	  proposed	  that	  the	  Cocos	  Keeling	  Islands	  coconuts	  originated	  from	  ocean	  borne	  nuts	  from	  the	  eastern	  Archipelago	  of	  the	  Pacific	  Ocean.	  Sauer	  (1967)	  suggested	  that	  wild	  coconuts	  became	  established	  without	  human	  intervention	  on	  the	  oceanic	  islands	  of	  Seychelles	  in	  the	  Indian	  Ocean.	  
1.4 Overview of objectives and Thesis Structure 
 
1.4.1: What is the population structure of the coconuts worldwide and where is its 
centre(s) of domestication? 
Independent	  origins	  of	  cultivated	  coconut	  (Cocos	  nucifera	  L.)	  in	  the	  Old	  World	  
Tropics	  (Chapter	  2)	  
Authors: Bee	  F.	  Gunn,	  Luc	  Baudouin	  and	  Kenneth	  M.	  Olsen	  PLoS	  ONE	  6(6):	  e21143	  doi:10.1371/journal.pone.0021143	   The	  coconut	  lacks	  a	  single	  universal	  domestication	  trait	  such	  as	  shattering	  of	  stalk	  in	  wild	  relatives	  of	  rice	  or	  branching	  in	  maize.	  Only	  the	  Dwarf	  form	  coconuts	  are	  considered	  highly	  domesticated,	  having	  traits	  associated	  with	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domestication	  such	  as	  the	  dwarf	  habit,	  autogamy	  and	  niu	  vai	  fruits.	  	  The	  Tall	  forms	  have	  also	  been	  domesticated	  but	  are	  highly	  variable	  in	  their	  domestication	  status.	  The	  first	  objective	  of	  this	  study	  is	  to	  understand	  the	  domestication	  history	  of	  the	  coconut	  and	  to	  determine	  its	  centre(s)	  of	  domestication.	  	  In	  this	  study	  (Gunn,	  Baudouin	  et	  al.,	  2011),	  we	  used	  ten	  microsatellite	  loci	  from	  a	  sample	  of	  1,322	  coconut	  accessions	  from	  across	  the	  globe	  to	  estimate	  the	  population	  genetic	  structure	  as	  it	  relates	  to	  the	  history	  of	  human	  migrations.	  	  Our	  findings	  suggested	  that:	  i)	  despite	  the	  widespread	  movement	  of	  coconuts	  by	  humans,	  the	  species	  has	  retained	  clear	  population	  structure	  on	  the	  global	  scale,	  one	  corresponding	  to	  the	  Indo-­‐Atlantic	  ocean	  basin	  and	  the	  other	  in	  the	  Pacific	  oceanic	  basin;	  ii)	  present-­‐day	  cultivated	  coconuts	  arose	  through	  independent	  domestications	  in	  the	  Indian	  and	  Pacific	  and	  Indian	  Ocean	  basins	  and	  iii)	  geographical	  locations	  of	  genetically	  admixed	  populations	  are	  consistent	  with	  human	  introductions	  of	  Pacific	  germplasm	  along	  ancient	  trading	  routes	  connecting	  Asia	  to	  Africa.	  We	  proposed	  two	  geographical	  origins	  of	  coconut	  cultivation:	  island	  Southeast	  Asia	  and	  the	  southern	  margins	  of	  the	  Indian	  subcontinent.	  	  Although,	  the	  centres	  of	  domestication	  of	  the	  coconut	  have	  been	  proposed,	  the	  phylogeography,	  phylogenetic	  history,	  dispersal	  and	  the	  gene	  flow	  patterns	  between	  the	  populations	  have	  not	  been	  investigated	  and	  the	  geographical	  location	  of	  the	  origin	  of	  Cocos	  nucifera	  is	  still	  unknown.	  Microsatellite	  data	  do	  not	  allow	  us	  to	  reconstruct	  the	  deeper	  phylogeographic	  or	  phylogenetic	  history	  providing	  estimations	  of	  lineage	  ages	  and	  divergence	  times.	  Genomic	  data	  offers	  a	  new	  era	  of	  phylogenetics	  and	  phylogeography	  –	  that	  of	  phylogenomics	  to	  understand	  evolutionary	  relationships.	  To	  address	  the	  questions	  in	  the	  following	  two	  chapters	  of	  this	  thesis,	  I	  used	  next	  generation	  sequence	  data	  from	  targeted	  loci	  within	  the	  Large	  Single	  Copy	  region	  of	  the	  chloroplast	  genome	  and	  from	  the	  nuclear	  genome.	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1.4.2	  Where	  is	  the	  geographical	  location	  of	  the	  origin	  of	  the	  coconut	  and	  the	  
hotspots	  of	  genetic	  diversity?	  	  
Phylogenomics	  and	  population	  genomics	  of	  the	  coconut:	  integrating	  phylogeography,	  
phylogeny	  and	  population	  genetics	  (Chapter	  3)	  
Note:	  This	  chapter	  has	  been	  removed.	  The	  phylogeography	  of	  the	  coconut	  is	  intriguing	  because	  of	  the	  complexity	  of	  the	  natural	  dispersal	  by	  oceanic	  currents	  and	  its	  long	  history	  of	  dissemination	  by	  humans	  has	  obscured	  the	  location	  of	  the	  wild	  populations.	  During	  the	  past	  decade	  we	  have	  the	  empirical	  capabilities	  to	  generate	  genome-­‐scale	  data	  from	  high	  throughput	  sequencing	  (HTS)	  which	  may	  be	  exploited	  to	  integrate	  the	  micro-­‐evolutionary	  to	  macro-­‐evolutionary	  scales	  for	  understanding	  biodiversity	  patterns.	  The	  second	  major	  aim	  of	  this	  thesis	  was	  to	  pinpoint	  the	  likely	  geographical	  location	  of	  the	  origin	  of	  Cocos	  nucifera	  L.	  and	  to	  elucidate	  the	  hotspots	  of	  coconut	  genetic	  diversity	  to	  provide	  insights	  into	  future	  conservation	  of	  untapped	  coconut	  germplasm	  and	  landraces	  (traditional	  varieties)	  which	  may	  well	  carry	  disease	  resistance	  genes	  or	  traits	  advantageous	  for	  crop	  improvement.	  	  To	  address	  these	  overarching	  objectives,	  I	  used	  phylogenomics	  to	  tease	  apart	  the	  natural	  and	  human-­‐mediated	  dispersal	  patterns	  of	  the	  coconut	  by	  i)	  examining	  the	  coconut’s	  phylogeography,	  and	  using	  using	  haplotype	  networks	  to	  infer	  their	  dispersal	  patterns;	  ii)	  determining	  the	  phylogenetic	  relationships	  and	  divergence	  time	  of	  coconut	  lineages	  and	  iii)	  investigating	  the	  genetic	  diversity	  hotspots	  of	  the	  coconut.	  	  In	  this	  chapter	  and	  the	  following	  chapters,	  I	  applied	  genomic	  scale	  data	  from	  the	  chloroplast	  and	  four	  low	  copy	  nuclear	  genes	  for	  118	  coconuts	  from	  putative	  wild	  and	  cultivated	  populations	  (19)	  sampled	  from	  across	  the	  globe	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integrating	  approaches	  provided	  by	  phylogeography,	  phylogenetics	  and	  population	  genomics	  disciplines.	  	  
1.4.3	  Is	  the	  coconut	  a	  panmictic	  population?	  	  
Patterns	  of	  gene	  flow	  and	  dispersal	  of	  coconut	  (Chapter	  4)	  	  
Note:	  This	  chapter	  has	  been	  removed.	  
	   Long	  distance	  dispersals	  (LLD)	  have	  been	  invoked	  to	  explain	  the	  biogeographical	  distributions	  of	  many	  terrestrial	  flora	  and	  fauna	  (Gillespie,	  Baldwin	  et	  al.,	  2012;	  Miryeganeh,	  Takayama	  et	  al.,	  2014).	  Plants	  capable	  of	  transoceanic	  dispersal,	  such	  as	  coconuts,	  are	  expected	  to	  show	  high	  gene	  flow	  across	  vast	  areas	  and	  are	  often	  panmictic.	  The	  third	  major	  objective	  of	  this	  thesis	  was	  to	  assess	  migration	  models	  using	  the	  coalescent	  framework	  implemented	  in	  the	  software	  Migrate	  (Beerli	  and	  Palczewski,	  2010)	  based	  on	  sequences	  of	  multiple	  genes	  and	  individuals	  from	  both	  chloroplast	  and	  nuclear	  genomes.	  The	  first	  set	  of	  migration	  models	  tested	  the	  hypothesis	  of	  panmixia	  versus	  a	  network	  of	  symmetrical	  migrations	  among	  regions	  and	  the	  second	  set	  of	  migration	  models	  tested	  the	  directionality	  of	  gene	  flow	  between	  the	  Indo-­‐Atlantic	  vs.	  Pacific	  gene	  pools.	  Dispersal	  patterns	  and	  estimated	  relative	  migration	  rates	  will	  provide	  insights	  into	  the	  direction	  of	  migration	  of	  genes	  to	  tease	  apart	  human-­‐mediated	  from	  current	  influenced	  dispersals.	  
1.4.4	  What	  are	  the	  impacts	  of	  domestication	  on	  genome	  size?	  (Chapter	  5)	  
Ploidy	  and	  domestication	  are	  associated	  with	  genome	  size	  variation	  in	  Palms	  Authors:	  Bee	  F.	  Gunn,	  L.	  Baudouin,	  T.	  Beulé,	  P.	  Ilbert,	  C.	  Duperray,	  M.	  Crisp,	  A.	  Issali,	  J-­‐L.	  Konan	  and	  A.	  Rival	  
American	  Journal	  of	  Botany	  102(10):	  1625	  –	  1633.	  	  2015	  The	  impacts	  of	  domestication	  on	  the	  genome	  size	  of	  annual	  crops	  such	  as	  
Zea	  mays	  (Laurie	  and	  Bennett,	  1985),	  Triticum	  sp.,	  (Dvořák,	  Terlizzi	  et	  al.,	  1993),	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Poa	  annua	  (Grime,	  1983),	  Panicum	  virgatum	  (Riley	  and	  Vogel,	  1982)	  and	  Solanum	  
tuberosum	  (Spooner,	  Rodríguez	  et	  al.,	  2008)	  have	  been	  well	  studied	  but	  very	  few	  genome	  size	  evolution	  studies	  have	  been	  carried	  out	  for	  long-­‐lived	  tree	  crops	  (Miller	  and	  Gross,	  2011).	  Polyploidy	  and	  gene	  duplications	  are	  likely	  to	  increase	  the	  genome	  size	  and	  have	  also	  been	  associated	  with	  domestication	  traits	  such	  as	  phenology	  in	  sunflowers	  (Blackman,	  Rasmussen	  et	  al.,	  2011).	  Genome	  size	  variation	  and	  ploidy	  levels	  among	  the	  Tall	  cultivars	  and	  domesticated	  Dwarf	  cultivars	  have	  not	  been	  examined.	  We	  applied	  flow	  cytometry	  method	  to	  estimate	  the	  genome	  sizes	  of	  23	  coconut	  cultivars	  worldwide	  including	  wild-­‐sown	  coconuts.	  	  The	  main	  objectives	  were:	  1) to determine the actual genome size of coconut for 
which contradictory values were published; 2) to identify and study intraspecific 
variation, and the impact of domestication on genome size; 3) to test whether genome 
size is less variable in Dwarf than Tall coconut types and 4) to reconstruct ancestral 
genome sizes across the subtribe Attaleinae.	  The	  determination	  of	  the	  ploidy	  levels	  and	  absolute	  genome	  size	  is	  a	  prerequisite	  for	  the	  future	  of	  genome	  sequencing	  of	  the	  coconut,	  optimizing	  depth	  of	  reads	  and	  accuracy	  of	  annotations	  of	  its	  whole	  genome.	  A	  fully	  annotated	  coconut	  genome	  sequence	  will	  provide	  immeasurable	  resources	  for	  genome	  wide	  association	  studies	  and	  Quantitative	  Trait	  Loci	  mapping	  vital	  for	  the	  future	  of	  crop	  improvement	  and	  understanding	  of	  disease	  resistance.	  
1.4.5	  General	  discussion,	  conclusions	  and	  future	  directions	  (Chapter	  6)	  
Note:	  This	  chapter	  has	  been	  removed.	  
	   In	  this	  chapter	  I	  discuss	  the	  main	  results	  and	  implications	  of	  findings	  from	  each	  of	  the	  chapters,	  the	  main	  conclusions	  and	  future	  directions.	  
1.5	  Significance	  of	  the	  study	  
	  	   9	  
This	  study	  on	  the	  phylogenomics	  of	  the	  coconut	  is	  highly	  significant	  for	  understanding	  the	  history	  of	  human	  civilization	  in	  the	  tropics	  and	  human	  impacts	  on	  the	  landscape	  through	  their	  long-­‐term	  interactions	  with	  the	  coconut	  palm.	  This	  project	  will	  provide	  key	  information	  on	  the	  genetic	  diversity	  of	  putative	  wild	  coconut	  populations,	  which	  may	  be	  exploited	  by	  global	  coconut	  breeding	  programs	  (International	  Coconut	  Genetic	  Resources)	  to	  enhance	  germplasm	  collections.	  It	  is	  critical	  to	  identify	  regions	  with	  high	  genetic	  diversity	  as	  island	  countries	  are	  vulnerable	  to	  climate	  change	  and	  sea	  level	  rises	  due	  to	  global	  warming	  leading	  to	  permanent	  loss	  of	  heterogeneous	  coconut	  germplasm.	  Breeding	  programs	  in	  coconuts	  have	  depended	  on	  a	  narrow	  gene	  pool	  and	  genetically	  heterogeneous	  wild	  populations	  were	  excluded.	  Unfortunately,	  lethal	  yellowing	  disease	  is	  threatening	  to	  devastate	  coconut	  populations	  globally	  and	  the	  need	  to	  extend	  the	  genetic	  diversity	  and	  identify	  disease	  resistance	  genes	  is	  vital.	  	  This	  research	  will	  provide	  a	  wealth	  of	  information	  on	  the	  population	  genetic	  structure,	  dispersal	  and	  gene	  flow	  patterns	  of	  cultivated	  and	  non-­‐cultivated	  coconuts	  worldwide	  which	  can	  be	  used	  for	  identification	  and	  conservation	  of	  germplasm	  from	  source-­‐sink	  populations,	  characterizing	  desirable	  traits	  and	  high-­‐yielding	  products	  in	  crop	  breeding	  programs,	  assessment	  of	  the	  interactions	  between	  genomes	  and	  the	  environment	  and	  for	  the	  future	  of	  whole	  genome	  sequencing	  and	  annotations	  of	  the	  coconut. 
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5.1 ABSTRACT 
• Premise of the study:  The C-value or a species’ nuclear DNA content has 
significant evolutionary associations with growth, development and adaptation 
to environmental changes. Angiosperm C-values range 1200-fold and 
intraspecific variations occur frequently in commonly cultivated plants, but little 
is known about domestication impacts on genome size. Here we examined 
genome sizes representing coconut genotypes worldwide and members of the 
Attaleinae (Arecaceae). Our objectives were to 1) estimate the coconut’s 
genome size, 2) determine intraspecific DNA ploidy levels, 3) to test whether 
Dwarf genome size is less variable than Tall cultivars and 4) to reconstruct 
ancestral genome sizes of the Attaleinae. 
• Methods We used flow cytometric analysis of isolated nuclei in order to estimate 
genome size from young palm leaf material. Ancestral genome size 
reconstruction was based on maximum likelihood phylogeny from sequences of 
seven WRKY loci. 
• Key Results The coconut’s genome size show intraspecific variation associated 
with domestication. Variation among Tall cultivars was significantly different 
compared to Dwarfs. Comparison of Attaleinae genomes showed moderate 
variation across genera, except for Jubaeopsis caffra, Voanioala gerardii, 
Beccariophoenix alfredii and Polyandrococos caudescens for which polyploidy 
led to increased genome sizes.  
• Conclusions Results contribute to the understanding of domestication on 
genome size of long-lived tree crops, and have important implications for 
implementation of whole genome sequencing of the coconut and other 
domesticated plants. Polyploidy evolved independently in two clades within 
Attaleinae. 
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cytometry, genomic evolution; genome size, nuclear DNA content; ploidy. 	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5.2 INTRODUCTION 
The nuclear DNA content of a species has major effects on the growth, meiotic 
and mitotic cycles and expansion of cells. Therefore DNA content affects the 
individual’s morphological and physiological development as well as adaptations to its 
environment (Price and Baranova, 1976; Bennett, 1998; Knight, Molinari, and Petrov, 
2005).  The C-value (holoploid genome size) of a species corresponds to the DNA 
amount in its unreplicated haploid or gametic nucleus (pollen or sperm), regardless of 
its ploidy level (Swift, 1950; Greilhuber et al., 2005) and is measured in picograms (pg) 
or base pairs (bp). Large variation in C-values may have consequences or costs to the 
organisms and several studies have shown that C-values are often associated with 
ecological constraints (Bennett, 1987; Knight, Molinari, and Petrov, 2005), temporal 
shifts in phenology (Grime and Mowforth, 1982), sensitivity to ionizing radiations and 
climatic changes (Sparrow and Miksche, 1961; Sparrow and Sparrow, 1965; Sparrow, 
Schwemmer, and Bottino, 1971). The minimum generation time (MGT), defined as the 
time from germination until the first production of mature seed is positively correlated 
with the C-value of the species, suggesting that species with smaller genomes have 
shorter generation times. In flow cytometry, C-values are estimated from the dominant 
G1 peak of fluorescence and ploidy levels may also be detected by the numbers of 
dominant peaks.  
The C-value is equivalent to genome size in diploid species but is always greater 
than the genome size(s) in polyploids (Bennett, Bhandol, and Leitch, 2000). Indeed, a 
diploid plant has two genomes, after gametic fertilization, whereas a polyploid has more 
than two genomes as a result of either autopolyploidization, allopolyploidization or 
hybridization (Stebbins, 1959). Polyploidy is known to occur among 80% of 
angiosperms (Masterton, 1994). It is an important phenomenon in the evolution of 
higher plants (Leitch and Bennett, 1997) and a driving force in evolution (Rieseberg, 
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2003). Polyploidy is also common in domesticated plants where it is detectable in major 
crops such as cereals (wheat and rye), maize, cotton, potato, banana, sugar cane and 
coffee (Gaut and Doebley, 1997; Wendel and Cronn, 2003; Heslop-Harrison and 
Schwarzacher, 2007) and adds complexity to identifying the wild ancestors of the 
domesticate (Olsen and Wendel 2013). Understanding the impacts of ploidy levels on 
the genome size is informative since gene duplications can play an important role in 
epigenetic gene silencing or expression and provide protection against harmful viruses 
and transposons (Pichersky, 1990). 
Chromosome numbers (2n), C-values and ploidy levels are tightly linked and 
remain constant for most species; nevertheless, there are exceptions where variations do 
occur. Intraspecific variation in C-values is not rare despite having no change in 
chromosome number. Domesticated crops such as Zea mays (all with 2n = 20) showed 
37% variation among the cultivar lines (Laurie and Bennett, 1985) and Poa annua (2n = 
28) showed 80% variation (Grime, 1983). The switchgrass, Panicum virgatum L. is a 
North American native perennial cultivated for pastures, rangelands and fuel biomass. 
Cytological studies reveal that it is a polyploid series from diploid (2n = 18) to 
dodecaploid (2n = 12C = 108) (Church, 1940; Riley and Vogel, 1982).  
Angiosperm C-values range from 0.1 to 127.4 pg (Bennett, Bhandol, and Leitch, 
2000), and each value is characteristic of a given species. The palm family (Arecaceae) 
is among the most diverse, with C-values ranging from 0.9 to 30 pg (Angiosperm 1C-
values database (http://data.kew.org/cvalues/). Within the Cocoseae tribe Voanioala 
gerardii J. Dransf., a polyploid (1C-value = 30 pg; n= ca. 300) shows the highest C-
value. Syagrus and Attalea sister clades of Cocos nucifera (Meerow et al. 2009, 2014) 
are Neotropical and highly speciose. 
The coconut palm Cocos nucifera L. (Arecaceae) is cultivated globally on over 
12 million hectares in the humid tropics. C. nucifera L. (2n = 32) (Nambiar and 
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Swaminathan, 1960; Abraham and Mathew, 1963) and is the only species of its genus.  
Coconuts are economically important for millions of people depending on this palm for 
their livelihoods (Batugal, Bourdeix, and Baudouin, 2009). Cocos nucifera is best 
regarded as a semi-domesticated species, a complex of local populations with all 
degrees of dependence upon man, from nil to complete (Sauer, 1971). Although Harries 
(1978) distinguishes  “domesticated” and “wild” coconuts, this distinction refers to an 
ancient domestication event and he acknowledges that both types are indifferently 
cultivated nowadays. Wild populations do exist but only in a few locations (Foale, 
2005) but some of them might be feral ie: formerly cultivated population surviving 
spontaneously.  
At the other end of the range, Dwarf coconut can be regarded as the most 
completely domesticated type (Gunn, Baudouin, and Olsen, 2011). This coconut type is 
usually grown near human habitations and account for only 5% of coconuts globally 
(Bourdeix et al., 2009). Its self-pollinating habit makes it possible to propagate a 
desirable genotype true to type, and to screen rare off-types based on recognizable 
phenotypic markers such as fruit color and shape.  The Dwarf coconut is precocious and 
becomes reproductive usually after four years. It is especially appreciated from the 
water of its immature nuts and its slow growth makes harvesting relatively easy for 
most of its relatively short lifespan (ca. 35 years). Finally, it is dependent on human 
cultivation because it is a poor competitor in natural stands or in mixed plantings due to 
its short lifespan and to its reduced vigor. The Tall coconut lacks most of the 
“domesticated” features found in the Dwarf. It is predominantly cross-pollinating and 
highly heterozygous. It is fast growing and becomes reproductively mature later, usually 
after seven years and lives for 70 years or more. In some cases, the influence of 
selection under cultivation besides Talls and Dwarfs, relatively rare types are observed: 
Semi-Talls are self-pollinating like Dwarfs but relatively more robust. The “compact 
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Dwarf” represented by the Niu Leka Dwarf from the South Pacific is not related to the 
other Dwarfs. It is cross-pollinating, and as vigorous as a Tall but and owes its small 
size to a marked reduction in internode length and in the distance between leaflets. 
To date, genome size estimates exist only for 3% of palm species, principally 
based on Feulgen-microdensitometry methods. Flow cytometry has become the 
predominant method not only for ploidy studies and determination of absolute DNA 
contents of cells, due to its high sample throughput and relative ease of sample 
preparation (Dolezel and Bartos, 2005; Dolezel, Greilhuber, and Suda, 2007). 
Intraspecific genome size has been shown to vary between cultivars and wild 
progenitors in Angiosperms (Greilhuber, 2005), and such subtle changes may be 
detected only when using flow cytometry.  
In coconut, genome size values have been recorded, ranging from 5.1 pg (Röser, 
Johnson, and Hanson, 1997); unknown coconut variety, root tips) to 5.6 ± 0.2 pg 
((Sandoval, Hocher, and Verdeil, 2003); Malayan Yellow Dwarf, callus tissue).  
Determination of the genome sizes of cultivated coconuts and ploidy level are 
essential prerequisites for sequencing the coconut genome. This will provide precise 
calculation for the optimal depth of reads required and accurate assembly and 
annotations of the coconut genome. Genome sequences have been recently generated 
and made publicly available for two palm species of major economic importance: the 
date palm (Al-Dous et al., 2011) and the oil palm (Singh et al., 2013). For the coconut 
palm, future genome sequencing will be integral to identifying genes responsible for 
disease resistance and many other genes of agro-ecological interest such as drought or 
salt tolerance. The integration of gene discovery and Marker Assisted Breeding will 
pave the way for the generation of new coconut cultivars, which will be better adapted 
to changing agro-climatic conditions.  
	  	   120	  
It is not known if the phenotypic differences such as dwarf habit and fruit 
morphology between the Dwarf and the Tall cultivars and their generation times (three 
vs seven years) would have impacted their genome size. In this study, we explored 
genome size variation using flow cytometry of 21 coconut cultivars including two wild-
sown coconuts representing a total of 23 genotypes from across the globe. Our 
objectives were to: 1) estimate the coconut’s genome size, 2) determine intraspecific 
DNA ploidy levels, 3) test whether Dwarf genome size is less variable than Tall and 4) 
reconstruct ancestral genome sizes of the Attaleinae. 
5.3 MATERIALS AND METHODS 
5.3.1 Plant Material—We sampled immature leaves from 23 adult palms originating 
from 23 coconut populations chosen to cover the genetic diversity (Appendix 1). Two 
of them were self-sown, putatively wild, populations from Australia (Mission	  Beach,	  lat.	  -­‐17.869121°,	  long.	  146.106338°	  and	  Lizard	  Island,	  lat.	  -­‐14.667717°,	  long.	  145.446729°).	  The	  others	  were	  traditional	  and	  advanced	  cultivars	  from	  the	  collection	  maintained	  at	  the	  Marc	  Delorme	  Research	  Station	  (CNRA	  Côte	  d’Ivoire).	  They	  include	  seven	  self-­‐pollinating	  Dwarf	  cultivars,	  15	  cross-­‐	  pollinating	  Tall	  cultivars,	  one	  cross-­‐pollinating	  “compact	  Dwarf”	  cultivars	  and	  three	  population	  hybrids	  (one	  Tall	  ×	  Tall	  and	  two	  Dwarf	  ×	  Tall).	  	  
Fresh leaf material was collected from the unopened spear leaf of the palm 
whenever possible. In addition, we sampled leaf material for 16 species across 9 genera 
of the Cocoseae: Attalea, Bactris, Beccariophoenix, Butia, Elaies, Jubaeopsis, 
Lytocaryum, Polyandrococos and Sygarus from the living collections of the Royal 
Botanic Gardens, Sydney, Australia. We wrapped approx. 4 cm length of each leaf in 
moistened tissue paper and placed it into an envelope kept at 4°C to preserve it during 
transportation to the IRB laboratory in Montpellier, France.   
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5.3.2 Estimation of 2C-value—To determine genome size, we first used razor 
blades to chop coconut and Petunia hybrida E. Vilm. leaves in order to extract nuclei. 
The P. hybrida Px PC6 (Vilmorin), 2C = 2.85pg was grown in the greenhouse and used 
as calibration standard following Coba de la Peña and Brown (2001). Approximately 1 
cm2 of fresh leaves were chopped in 500 µL of Dolezel’s lysis buffer (Dolezel, 
Binarova, and Lucretti, 1989) with the following modifications: no spermine was added 
and we replaced β-mercaptoethanol with 10 mM sodium metabisulphite which was 
added immediately before use (Rival et al., 1997). The lysate was then filtered through 
disposable filters using 20 µm nylon mesh (Partec CellTrics®) in order to isolate nuclei 
from cell debris and aggregates. Then 500 µL of the filtrate was pipetted into a new 
disposable tube and 20 µL of DAPI (4’,6-diamidino-2-phenylindole, dihydrochloride) 
fluorochrome solution (0.1mg mL-1) was added, for a final DAPI concentration of 4 µg 
mL-1. After homogenizing and stabilizing for 5 minutes at room temperature, the stained 
nuclei suspensions were analysed.  
We measured the relative fluorescence intensities from stained nuclei using a 
Beckman-Coulter CyANTM ADP flow cytometer (Beckman Coulter Inc., U.S.A.) with 
at least 500 nuclei analyzed per run. We repeated measurements of the G1 peaks (non-
replicated phase of the cell cycle) for each coconut cultivar 3-5 times with internal 
standards and used the means (µ ± s.d.) in our assessment of the absolute value of the 
coconut’s genome size, yielding graphical outputs such as illustrated in Figure 1.  
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 Fig.	  1. Examples of flow cytometry histograms. A: Peak A: Petunia standard alone; B: 
Peak A: Petunia standard, Peak B: Cocos nucifera L. G1 represents the non-replicating 
cell phase. 
5.3.3 Data Analysis—The first step of data analysis consisted of a visual 
examination of the cytometer plots (Fig. 1) to exclude unreliable runs (i.e. the 
observations with a low signal to noise ratio, mainly due to insufficient quality of plant 
material). Calculations and graphical representation were carried out with R software 
(Chambers et al., 1983; R Development CoreTeam, 2011). The proportionality of the 
DAPI values between the coconut genotypes and the internal standard (Petunia hybrida) 
was checked through regression analyses to determine the correlation between the DAPI 
values of the internal standard and coconut genotypes. Genome size for each sample 
was estimated as GC = DC/DS*GS where DC is the DAPI value of coconut, DS is the 
DAPI value of the standard, and GS is the genome size of the standard (2.85 pg for 
Petunia).  We examined variation in genome size among cultivar and species using 
ANOVA and we applied the F-test to determine the significance of the values. We 
tested for possible effects of domestication on genome size of Cocos nucifera by 
forming two groups: Tall, and Dwarf again using ANOVA. Finally, we used boxplots to 
visualize the variation in DNA amount in the Dwarf, and Tall coconut ecotypes.   
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5.3.4 Ploidy level—Ploidy in flow cytometric assays equates to a constant DNA 
quantity (C value) of the complete chromosome complement with respect to a published 
reference standard of known ploidy. We determined the ploidy level of the coconut 
from the positions of the G1 peaks in cytometry histograms. The presence of polyploidy 
is reflected in the position of the dominant G1 peak and the appearance of more than 
one dominant peak apart from the internal standard. 
5.3.5 Evolution of 2C value in Attaleinae—We estimated the absolute genome 
size of the 13 species using flow cytometry and obtained C-values for an additional five 
species from the Angiosperm 1C-values database (Appendix 2). To determine the 
topology of the evolutionary tree of the Attaleineae, we used seven WRKY nuclear loci 
from Meerow et al. (2009), concatenated to sequence length of 5.648 kb for 56 taxa 
across the Attaleinae available from Genbank. We conducted maximum likelihood 
analyses using PHYML software (Guindon and Gasceul, 2003) implemented through 
Geneious 6.1.7 (Biomatters Dev. Team 2013) with the following criteria: initial BioNJ 
tree, NNI topology search, GTR substitution model, discrete Gamma model, 4 
categories, random seed and 100 bootstrap replicates.  
We applied the maximum likelihood approach as described in Pagel et al. (1999) 
for ancestral character reconstruction as implemented in Mesquite. The maximum 
likelihood trees (100) were imported into Mesquite Version 2.5 (Maddison and 
Maddison, 2008) and a character matrix of 2C values for 19 taxa were appended to the 
DNA sequences. We traced the 2C values sizes as continuous characters on to the ML 
tree in order to infer ancestral state likelihoods. We used Bactris and Elaeis as 
outgroups for the non-spiny Attaleinae. 
5.4 RESULTS 
5.4.1 Proportionality of DAPI values with internal standard—The results from 
the regression analysis of the DAPI values for the coconuts against the internal standard 
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(Petunia hybrida) were highly correlated (corrected R2 =0.9997 when the intercept was 
fixed to 0) confirming their proportionality. The proportionality coefficient was 2.0921 
± 0.0041 (mean ± s.e.). This enabled the use of the ratio of the coconut DAPI values to 
the internal standard to calculate the absolute genome size of the coconut ecotypes (see 
Appendix 1). 
The observed value of DNA contents ranged between 5.720 and 6.250 pg, 50% 
of them being in the 5.915 – 6.020 pg range. We noted that the variation of genome 
sizes of the Dwarfs is about half that of the Tall ecotypes. The summary statistics for 
DNA contents in the two groups of coconuts are given in Tables 2A-C and illustrated in 
Fig. 2.  
 
Fig. 2. Boxplot of estimated nucleus DNA content. The thick horizontal line 
corresponds to the median, the limits of the boxes are the first and the third quartiles. 
Individual observations are represented by dots. 
5.4.2 Variation of genome size in coconut— The overall mean of genome size 
was 5.963 pg. We performed an analysis of variance (ANOVA) based on 16 Tall and 7 
Dwarf coconuts (Table 1). The residual standard deviation was 0.0641 pg. This 
represents the uncertainty due to the breadth of the peaks and to random fluctuations of 
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the experimental conditions. In average, Tall and Dwarf coconuts differed in genome 
size (F = 11.33, P value = 0.001).  There were also significant differences among Talls 
(F=10.43, P value= 2.78 10-11 but Dwarfs were not significantly different (F=1.34, P 
value = 0.254). The estimated mean and confidence interval (α=0.05) of genome size 
are 6.00 [5.97 – 6.03] and 5.95 [5.74 – 6.16] in Dwarfs and Talls respectively. This 
takes into account both empirical errors and the estimated variance of genome size (in 
Talls). Although the genome size in Dwarf is superior to the average genome size of 
Talls, it remains within the range of Tall coconuts. It is also the case of the three 
additional individuals we sampled in population hybrids (one Tall × Tall 2C=6.13 pg 
and two Dwarf × Tall, 2C=5.90 and 5.92 respectively). 
Our results reveal limited (CV=2%) but significant variation in genome size in 
coconut. These variations occur both in the Indo-Atlantic and in the Pacific genetic 
groups (respective α = 0.05 confidence intervals [5.79 – 6.25] and [5.76 – 6.04]), but 
not among Dwarfs. 
Table 1. ANOVA of estimated 2C-values (pg).  
 
 
Df Sum Sq Mean Sq F value          Pr(>F) 
Between types 1 0.04664 0.04664 11.33 0.00138 
 
Within Dwarf type 6 0.03310 0.00552 1.34 0.25479 
 
Within Tall type 15 0.64373 0.04292 10.43 2.775×10-11 
Residuals 56 0.23043 0.00412 
  
 
 
5.4.3 Genome size of Attaleinae 
Within the Attaleinae subtribe, the holoploid genome sizes were as follows: 
Voanioala gerardii  = 60 pg (Johnson et al. 1989), Allagoptera caudescens (Mart.) 
Kunze = 10.70 pg, Attalea sp. = 4.02 – 4.34 pg, Butia sp. = 3.06 – 3.42 pg, 
Beccariophoenix sp. = 3.6 – 7.47 pg, Cocos nucifera = 5.966  ± 0.111pg, Jubaeopsis 
caffra Becc. = 20.98 pg, Lytocaryum weddellianum (H. Wendl.) Toledo = 3.72 pg and 
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Syagrus sp. = 3.9 – 6.9 pg. The genome size of Beccariophoenix madagascariensis 
Jum. and H. Perrier was 3.6 pg whilst that of its sister taxon Becc. alfredii Rakotoarin et 
al. was almost twice (7.47 pg) suggesting that the latter is a tetraploid. 
 Fig.	  3.	  Ancestral genome size reconstruction: Maximum likelihood phylogenetic tree of 
Attaleinae based on seven WRKY nuclear loci using PhyML (Phylogenetic Analysis of 
Maximum Likelihood). ML bootstrap supports are in parenthesis below the branches. 
Sequence alignment will be deposited in Dryad database (http://datadryad.org/). The 
numbers at the nodes refer to the inferred ancestral genome sizes using maximum 
likelihood reconstruction approach implemented in Mesquite. Numbers adjacent to the 
OTUs are the holoploid genome size (2Cx) estimated using flow cytometry with ploidy 
levels in parenthesis, where 2x denote diploids and >2x denote polyploids. Outgroups 
included were Elaeis oleifera, Bactris major and B. brongniartii. 
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5.4.4 Ancestral genome size (2Cx) of Attaleinae—The ancestral genome size of 
the most recent common ancestor (TMRCA) based on the maximum likelihood 
topology (Fig. 3) was 4.15 pg and was 4.55 pg for the African/Malagasy and South 
American clades. The most recent common ancestor of Beccariophoenix and Voaniaola 
+ Jubaeopsis was 4.89 pg and the inferred genome size for TMRCA oc Voaniaola + 
Jubaeopsis was 6.53 pg. The inferred ancestral genome size for Cocos nucifera was 
5.61 pg. The genome size of TMRCA of the Cocos/Syagrus clades was 4.95 pg and for 
paraphylectic Syagrus, the genome size of the TMRCA of the two major clades was 
4.43 pg. As expected, the genome sizes of the speciose Syagrus showed some variation 
between the Rainforest and Eastern Brazil clades.  TMRCA of Attalea /(Allagoptera + 
Polyandrococos + Parajubaea) clades was 4.85 pg (Fig. 3). Genome size among Butia 
appears to be smallest (3.06 pg) with inferred ancestral genome size leading to the 
TMRCA of (Jubaea chilensis  + Butia) clade as 4.45 pg, showing a reduction in Butia 
but an increase in the closely related J. chilensis (5.1 pg).   
5.5 DISCUSSION 
Plant domestication is an evolutionary process that involves artificial selection 
and may lead to population bottlenecks that can reduce the genetic diversity relative to 
the wild progenitors through selection of preferred phenotypes (Doebley, Gaut, and 
Smith, 2006). In the case of coconuts, as shown by our comparison of Tall and Dwarf 
cultivars, human selection for traits such as dwarfism, precocity and higher water 
contents may have affected the patterns of their genome architecture (Olsen and Wendel 
2013). Meiotic abnormalities occur at a higher percentage in Dwarf than in Talls and 
may be associated with the shift from out-crossing in the Tall ecotypes to 
predominantly self-pollination in Dwarfs (Swaminathan et al. 1961). The consequences 
of this shift in breeding systems are observed in the poor endosperm development and 
reduced vegetative vigor in Dwarfs (Swaminathan and Nambiar, 1961). Dwarfism in 
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coconuts may be due to pleiotropic gene effects and preliminary studies have suggested 
that dwarfism involves at least five independently segregating genes. (Baudouin, 
unpubl. res.).  
Tanksley (2004) has shown that in domesticated plants such as the tomato, the 
wide range of fruit morphologies and phenotypic variation are controlled by only four 
QTLs encoding for fruit shape and size. In contrast, Baudouin et al. (2006) found that 
34 putative QTLs were accounted for by six pleiotropic genes associated with traits 
regulating coconut fruit component whilst six QTLs were detected for precocity or early 
germination trait (Herran et al., 2000). 
Our screening has demonstrated that the DNA contents in cultivars and wild-
sown coconut genotypes are variable. Our results show that Dwarfs express 
significantly less variation in genome size compared to Talls. One possible explanation 
is that all Dwarf cultivars originated from a single Tall associated with the shift from 
allogamy to autogamy and thus likely to have the genome size similar to the ancestral 
Tall. This is consistent with the effect of a domestication bottleneck reducing the 
genetic diversity accompanying the process of artificial selection for traits related to the 
Dwarf phenotype in combination with retention of a high proportion of genetic variation 
in the Tall ecotypes (eg., (Miller and Gross, 2011). We did not discover any tetraploids 
in coconuts, in contrast to other domesticated plants such as maize, wheat, barley, rice 
and cotton, where DNA polyploidy occurs commonly among cultivars (Laurie and 
Bennett, 1985; Gaut and Doebley, 1997; Wendel and Cronn, 2003; Zhang et al., 2005).  
Leitch et al. (2005) examined genome size data for 4,538 angiosperms and used 
time of divergence to reconstruct the ancestral genome size.  In the Attaleinae, there is 
some variability in genome size at the generic level but overall there is conservation of 
genome size at the interspecific level (Fig. 3). The Attaleinae is monophyletic and 
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includes all members of the Cocoseae except the spiny cocosoids (Bactridinae) and, 
Barcella and Elaeis (Elaeidinae), (see (Dransfield et al., 2008).  
A study by Shapcott et al. (2007) on the genetic diversity of Becc. 
madagascariensis found highly inbred populations. Becc. alfredii, although a distinct 
taxon, microsatellite data did not show differentiation from the northern Becc. 
madagascariensis population. It is possible that selfing within these northern 
populations potentially led to polyploidy with subsequent dispersal by frugivores to new 
habitats for speciation process. Evidence from the current study indicated that two other 
members of the Attaleinae: Polyandrococos caudescens and Beccariophoenix alfredii 
were polyploids suggesting evolution of polyploidy occurred at least four times within 
the Cocoseae.  
The outgroup Roystonea (tribe: Areceae) has a genome size of 9.6 pg (Röser, 
Johnson, and Hanson, 1997). The Cocoseae tribe diverged from its closest relatives 
Roystonea /Reinhardtia ca. 55 – 58 mya (Gunn, 2004; Roncal et al., 2013). These data 
suggest that the ancestral genome size for the Attaleinae may have been small (ca. 4.80 
pg) and Polyandrococos caudescens, Becc. alfredii Rakotoarin et al., Jubaeopsis caffra 
and Voanioala have undergone polyploidization events in the past and have retained 
their duplicated genomes. The African oil palm Elaeis guineensis Jacq., subtribe 
Bactridinae, has a genome size  = 3.76 ± 0.09 pg (Rival et al., 1997) which is two-thirds 
that of the coconut.  
We inferred the ancestral genome sizes across the Attaleinae using a maximum 
likelihood approach (Pagel, 1999). The Attaleinae diversified in South America and for 
the highly speciose taxa such as Syagrus, Attalea and Butia, genome size shows 
variation at the generic level. Their genome sizes are much smaller than the species 
poor Malagasy/African clade and it is possible that small genome size have played a 
role providing competitive advantages for these South American taxa to diversify into 
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different biomes as small genome size has been shown to correlate with shorter 
minimum generation time (MGT), increased reproductive rate and reduced reproductive 
costs especially in perennial diploid monocots (Bennett, 1972; Midgley, 1991). 
In a study on the nuclear content among 411 Angiosperms species using flow 
cytometry, Zonneveld et al. (2005) found that 1C – values ranged from 0.6 to 95.0 pg 
and that the median and mean estimates were 6.6 and 11.7 pg respectively. A surprising 
finding of the current study is that the genome size of the coconut (1C = 2.98 pg) is 
lower than the mean for both Angiosperms and the Arecaceae (1C = 3.55 pg; across 56 
genera and 90 species), yet the coconut has a slow generation time of 4 – 7 years for 
Dwarfs and Talls, respectively. We know that the minimum generation time is 
positively correlated with the C-value of the species in annuals, perennials and obligate 
perennials (Bennett, 1987) . 
In a comparative study on the relationship between cell size and genome size, 
Beaulieu et al. (2008) found a negative relationship between stomatal density and 
genome size.  Their study demonstrated that trees in comparison to shrubs and herbs 
had the smallest genome sizes and cell sizes but highest stomatal density. Thus it is 
possible that genome size fixes the minimum size of guard cells and epidermal cells 
leading to variation in stomatal density, providing adaptations for certain environments 
and life history strategies. For example in dry environments, small stomata are more 
responsive to water stress whilst high density optimizes CO2 exchanges.  Rajagopal et 
al. (1990) recorded stomatal densities for 23 coconut cultivars, with means of 208 mm-2 
(Talls) and 232 mm-2 (Dwarfs), which is about twice what is observed in shade adapted 
palms such as Scheelea (71.9 mm-2) and Socratea (120.3 mm-2) studied by Hogan 
(1988). Given the negative correlation of genomes size and stomatal density reported 
above and the positive correlation between MGT, we would expect that Tall ecotypes 
should have larger genome size than Dwarfs but our study found that Dwarf genome 
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sizes were in the higher quartile of the Tall ecotypes range. A possible explanation for 
this discordance could be that the genome size had little time to fluctuate since the 
domestication event.  
A novel finding in this study is the evidence for significant intraspecific genome 
size variation between Tall and Dwarf ecotypes. We also found that genome size 
variation among Talls was greater than that in Dwarfs. Human-mediated selection for 
lower MGT in Dwarfs may in the long-term result in lower genome size. 
Our research has implications for future of whole genome sequencing and 
annotation of coconut and understanding of the complexities of the nuclear DNA 
content and its ploidy levels. Our results indicate that the coconut is diploid and its 
genome size is 5.966  ± 0.111 pg or 5.757 Gbp which is consistent with the estimate 
found by Sandoval et al. (2003) based on different cell phases.  
Whole genome sequencing involves both nuclear and chloroplast genomes. The 
chloroplast genome is maternally inherited and consists mostly of coding DNA. Nuclear 
genomes are inherited bi-parentally and have a higher chance of accumulating 
mutations, genetic recombination and gene duplication events (Soltis and Soltis, 1999) 
and if gene duplications were undetected could lead to erroneous phylogenetic 
inferences and homologies. SNPs discoveries from genome wide association studies 
(GWAS) may be critically influenced by gene duplications affecting the outcomes of 
candidate genes for QTLs.  
The transcriptome of the Hainan Tall coconut cultivar has recently been 
sequenced using Next Generation Sequencing techniques (Fan et al., 2013). The whole 
genome sequence of the coconut will provide us with insights into decoding the traits 
associated with fruit morphology and selection and importantly to enable the discovery 
of QTLs associated with disease resistance such as for lethal yellowing. 
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This study enlightens our understanding of the role of domestication in genome 
size evolution and revealed that polyploidy is relatively common in the Attaleinae and 
has evolved multiple times independently. Polyploidy is an important process in the 
evolution of plants with far reaching effects from molecular to ecological levels and 
contributes to reproductive isolation, novel gene expressions leading to divergence and 
potentially to speciation (Adams and Wendel, 2005; Comai, 2005). Detection of ploidy 
levels using flow cytometric methods provides a practical tool for plant breeders 
interested in polyploidy because ploidy variation may be exploited for desirable 
phenotypic traits for horticultural purposes (Parris et al., 2010) or for plant conservation 
biologists as polyploidy may also be a hindrance to reproduction because of sterility of 
polyploids. 
	  	   133	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Appendix 1. Absolute genome sizes, 2C-values (pg) estimated for Cocos nucifera L. 
cultivars sampled with Petunia hybrida internal standard, from flow cytometry.  
Cultivar 
Internat. 
abbrev. Habit 
 
N 
Abs. genome 
size/pg 
(mean±sd) Origin Collection Locality 
 
Andaman Ordinary Tall ADOT Tall 4 6.02 ± 0.09 Andaman Island Sta. MD_L03A13  
Brazil Green Dwarf BGD Dwarf 4 5.94 ± 0.03 Brazil Sta. MD_L13A28  
Catigan Green Dwarf CATD Dwarf 4 6.04 ± 0.04 Philippines Sta. MD_L05A15  
Cameroon Kribi Tall CKT Tall 2 5.87 ± 0.20 Cameroon Sta. MD_L12A09  
Cameroon Red Dwarf CRD Tall 3 6.02 ± 0.02 Cameroon Sta. MD_L06A13  
Gazelle Peninsular Tall GPT Tall 3 5.89 ± 0.08 
Papua New 
Guinea Sta. MD_L08A12 
 
Ghana Yellow Dwarf GYD Dwarf 3 5.96 ± 0.03 Ghana Sta. MD_L02A30  
Lizard Island Tall LIZ Tall 4 5.89 ± 0.05 Australia ANBG_BG753A  
Laccadive Micro Tall LMT Tall 3 6.13 ± 0.00 Laccadives  Sta. MD_L08A18  
Mission Beach MISB Tall 2 5.87 ± 0.00 Australia 
RBG 
SYD_20101370 
 
Malayan Tall MLT Tall 4 5.79 ± 0.06 Malaysia Sta.MD_L03A18  
Malayan Yellow Dwarf MYD Dwarf 2 5.94 ± 0.02 Malaysia 
RBG 
SYD_903153 
 
Mozambique Tall MZT Tall 3 6.19 ± 0.04 Mozambique Sta. MD_L03A13  
Niu Leka Dwarf NLAD Compact 4 5.94 ± 0.06 Fiji Sta. MD_L08A09  
Pilipog Green Dwarf PILD Dwarf 6 6.01 ± 0.08 Philippines Sta. MD_L35A28  
Panama Tall PNT Tall 4 6.01 ± 0.03 Panama Sta. MD_L03A12  
Solomon Island Tall SIT Tall 3 5.96 ± 0.03 Solomon Islands Sta. MD_L21A13  
Sri Lanka Tall SLT Tall 4 6.07 ± 0.08 Sri Lanka Sta. MD_L36A24  
Tagnanan Tall TAGT Tall 3 5.93 ± 0.00 Philippines Sta. MD_L38A25  
Tahiti Tall TAT Tall 3 5.75 ± 0.03 Tahiti Sta. MD_L03A08  
Tahiti Red Dwarf TRD Dwarf 3 6.04 ± 0.13 Tahiti Sta. MD_L14A26  
Vanuatu Tall VTT Tall 3 5.95 ± 0.03 Vanuatu Sta. MD_L44A24  
West Africa Tall WAT3 Tall 6 5.89 ± 0.06 West Africa Sta. MD_L09A14  
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 Appendix	  2.	  Absolute	  genome	  sizes,	  2Cx	  (pg)	  estimated	  for	  Attaleinae	  species	  
Species 	   2Cx 
(pg) 
x Locality Accession No. 
Allagoptera caudescens (Mart.) 
Kunze 
	   5.35 4 RBG, Sydney	   20091679 
Attalea cohune Mart. 	   4.34 2 RBG, Sydney 20091583 
Attalea phalerata Mart. ex Spreng. 	   4.02 2 RBG, Sydney	   20091585 
Beccariophoenix madagascariensis 
Jum. & H.Perrier 
	   3.6 2 RBG, Sydney	   20040914 
Butia capitata (Mart.) Becc. 	   3.42 2 RBG, Sydney	   932392 
Butia eriospatha (Mart. ex Drude) 
Becc. 
	   3.06 2 RBG, Sydney	   780035 
Cocos nucifera L. (MYD) 	   5.94 2 RBG, Sydney 903153 
Cocos nucifera L. (NLAD) 	   5.94 2 Sta.MD L08A09 
Elaeis guineensis  Jacq. 	   3.76 2 Kew C-values 
website  
Jubaea chilensis (Molina) Baill. 	   5.10 2 Kew C-values 
website	   20090098 
Jubaeopsis caffra Becc. 	   8.40 5 RBG, Sydney	   801080 
Lytocaryum weddellianum (H. 
Wendl.) Toledo 
	   3.72 2 RBG, Sydney	   14451 
Syagrus botryophora (Mart.) Mart. 	   4.32 2 RBG, Sydney	   20090788 
Syagrus coronata (Mart.) Becc. 	   3.96 2 RBG, Sydney	   20091730 
Syagrus glaucescens Glaz. ex. Becc. 	   6.90 2 Kew C-values 
website  
Syagrus romanzoffiana (Cham.) 
Glassman 
	   6.10 2 Kew C-values 
website  
Syagrus sancona (Kunth) H.Karst. 	   3.90 2 RBG, Sydney	   20091729 
Syagrus schizophylla (Mart.) 
Glassman 
	   4.00 2 RBG, Sydney	   20091652 
Voanioala gerardii J. Dransf. 	   6.32 19 Kew C-values 
website  
 
Notes: Abbrev: Sta. MD  = CNRA Marc Delorme Coconut Research Centre in Côte 
d’Ivoire, Africa; ANBG = Australian National Botanic Gardens Canberra and RBG 
SYD = Royal Botanic Gardens Sydney, Australia. 	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APPENDIX	  3	  (Chapter	  3)	  List	  of	  coconut	  samples,	  region,	  name,	  identification	  number,	  country	  of	  origin	  and	  country	  abbreviation.	  
Number	   Region	   	  	  	  	  	  	  	  Name	   ID_num.	  	   Country	   Count.	  Abbrev.	  1	   Indo-­‐Atlantic	   West	  African	  Tall	  	   01_WAT	   Africa	   AFR	  2	   Indo-­‐Atlantic	   West	  African	  Tall	  	   13_WAT	   Africa	   AFR	  3	   Australasia	   Lizard	  Island	  Tall	   130_AUS	   Australia	   AUS	  4	   Australasia	   Lizard	  Island	  Tall	   131_AUS	   Australia	   AUS	  5	   Australasia	   Lizard	  Island	  Tall	   132_AUS	   Australia	   AUS	  6	   Australasia	   Lizard	  Island	  Tall	   134_AUS	   Australia	   AUS	  7	   Australasia	   Lizard	  Island	  Tall	   135_AUS	   Australia	   AUS	  8	   Australasia	   Lizard	  Island	  Tall	   136_AUS	   Australia	   AUS	  9	   Australasia	   Lizard	  Island	  Tall	   138_AUS	   Australia	   AUS	  10	   Australasia	   Lizard	  Island	  Tall	   139_AUS	   Australia	   AUS	  11	   Australasia	   Lizard	  Island	  Tall	   140_AUS	   Australia	   AUS	  12	   Australasia	   Lizard	  Island	  Tall	   141_AUS	   Australia	   AUS	  13	   Australasia	   Lizard	  Island	  Tall	   142_AUS	   Australia	   AUS	  14	   Indo-­‐Atlantic	   Brazil	  Tall	   96_BRT	   Brazil	   BRA	  15	   Brazil	   Syagrus	  picrophylla	   40_S.PIC	   Brazil	   BRA	  16	   Brazil	   Syagrus	  coronata	   51_S.COR	   Brazil	   BRA	  17	   Indo-­‐Atlantic	   Brazil	  Tall	   24_BRT	   Brazil	   BRA	  18	   Southeast	  Asia	   Cambodian	  Tall	   05_KAT	   Cambodia	   KHM	  19	   Southeast	  Asia	   Cambodian	  Tall	   88_KAT	   Cambodia	   KHM	  20	   Indo-­‐Atlantic	   Cameroon	  Kribi	  Tall	   74_CKT	   Cameroon	   CMR	  21	   Indo-­‐Atlantic	   Comoros	  Anjouan	  Tall	   28_CMRT	   Comoros	   COM	  22	   Indo-­‐Atlantic	   Comoros	  Anjouan	  Tall	   76_CMRT	   Comoros	   COM	  23	   Indo-­‐Atlantic	   Comoros	  Anjouan	  Tall	   22_CMRT	   Comoros	   COM	  24	   Indo-­‐Atlantic	   Comoros	  Anjouan	  Tall	   58_CMRT	   Comoros	   COM	  25	   Indo-­‐Atlantic	   Comoros	  Moheli	  Tall	   85_CMT	   Comoros	   COM	  26	   South	  Pacific	   Cook	  Island	  Tall	   79_COKT	   Cook	  Islands	   COK	  27	   South	  Pacific	   Niu	  magimagi	  Tall	   18_NNMT	   Fiji	   FJI	  28	   South	  Pacific	   Niu	  magimagi	  Tall	   30_NNMT	   Fiji	   FJI	  29	   South	  Pacific	   Fiji	  Tall	   31_TAV	   Fiji	   FJI	  30	   South	  Pacific	   Fiji	  Tall	   34_TAV	   Fiji	   FJI	  31	   South	  Pacific	  	   Fiji	  Tall	  Korolevu	   107_TAV	   Fiji	   FJI	  32	   South	  Pacific	   Niu	  Leka	  Dwarf	   37_NLAD	   Fiji	   FJI	  33	   South	  Pacific	   Niu	  Leka	  Dwarf	   52_NLAD	   Fiji	   FJI	  34	   South	  Pacific	   Rotuma	  Tall	   63_RTMT	   Fiji	   FJI	  35	   South	  Pacific	   Niu	  Leka	  Dwarf	   68_NLAD	   Fiji	   FJI	  36	   South	  Pacific	   Niu	  drau	   144_TAV	   Fiji	   FJI	  37	   Indo-­‐Atlantic	   Andaman	  Ordinary	  Tall	   86_ADOT	   India	   IND	  38	   Indo-­‐Atlantic	   Chowgat	  Green	  Dwarf	   92_CH	   India	   IND	  39	   Indo-­‐Atlantic	   Kapadam	  Tall	   03_KPDT	   India	   IND	  40	   Indo-­‐Atlantic	   Laccadive	  Micro	  Tall	   14_LMT	   India	   IND	  41	   Indo-­‐Atlantic	   Laccadive	  Micro	  Tall	   26_LMT	   India	   IND	  42	   Australasia	   Tenga	  Tall	   04_TGT	   Indonesia	   IDN	  43	   Australasia	   Nyior	  biasa	   07_IDN	   Indonesia	   IDN	  44	   Australasia	   Nyior	  pendek	   11_IDN	   Indonesia	   IDN	  45	   Australasia	   Palu	  Tall	   16_PUT	   Indonesia	   IDN	  46	   Australasia	   Nyior	  biasa	   35_IDN	   Indonesia	   IDN	  47	   Australasia	   Nyior	  biasa	   44_IDN	   Indonesia	   IDN	  48	   Australasia	   Flores	  Tall	   57_IDN	   Indonesia	   IDN	  49	   Australasia	   Ternate	  Brown	  Dwarf	   65_TBD	   Indonesia	   IDN	  50	   Australasia	   Nyior	  biasa	   67_IDN	   Indonesia	   IDN	  51	   Australasia	   Nyior	  panda	  hijau	   70_IDN	   Indonesia	   IDN	  52	   Australasia	   Nyior	  biasa	   81_IDN	   Indonesia	   IDN	  53	   Australasia	   Nyior	  meta	  hijau	   83_IDN	   Indonesia	   IDN	  54	   Australasia	   Takome	  Tall	   87_TKT	   Indonesia	   IDN	  55	   Australasia	   Nyior	  sangnu	  (Kopyior)	   97_IDN	   Indonesia	   IDN	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56	   Australasia	   Deli	  	   100_IDN	   Indonesia	   IDN	  57	   Australasia	   Matahari	   102_IDN	   Indonesia	   IDN	  58	   Indo-­‐Atlantic	   Jamaican	  Tall	   106_ALT	   Jamaica	   JAM	  59	   South	  Pacific	   Kiribat	  Tall	   20_KIT	   Kiribats	   KIT	  60	   South	  Pacific	   Kiribat	  Green	  Dwarf	   27_KIGD	   Kiribats	   KIT	  61	   Indo-­‐Atlantic	   Madagascar	  Tall	   98_MDGT	   Madagascar	   MAD	  62	   Indo-­‐Atlantic	   Madagascar	  Tall	   99-­‐MDGT	   Madagascar	   MAD	  63	   Indo-­‐Atlantic	   Madagascar	  Tall	   101_MDGT	   Madagascar	   MAD	  64	   Indo-­‐Atlantic	   Madagascar	  Tall	   103_MDGT	   Madagascar	   MAD	  65	   Indo-­‐Atlantic	   Madagascar	  Tall	   104_MDGT	   Madagascar	   MAD	  66	   Indo-­‐Atlantic	   Madagascar	  Tall	   105_MDGT	   Madagascar	   MAD	  67	   Indo-­‐Atlantic	   Madagascar	  Tall	   137_MDGT	   Madagascar	   MAD	  68	   Southeast	  Asia	   Malayan	  Tall	   02_MLT	   Malaysia	   MYS	  69	   Southeast	  Asia	   Yellow	  Malayan	  Dwarf	   45_YMD	   Malaysia	   MYS	  70	   Southeast	  Asia	   Malayan	  Red	  Dwarf	   77_MRD	   Malaysia	   MYS	  71	   Southeast	  Asia	   Malayan	  Green	  Dwarf	   89_MGD	   Malaysia	   MYS	  72	   South	  Pacific	   Marshall	  Island	  Tall	   82_MIT	   Marshall	  Island	   MHL	  73	   South	  Pacific	   Marshall	  Island	  Tall	   94_MIT	   Marshall	  Islands	   MHL	  74	   South	  Pacific	   New	  Caledonia	  Tall	   55_NCT	   New	  Caledonia	   NCL	  75	   Panama	   Panama	  Tall	   25_PNT	   Panama	   PAN	  76	   Panama	   Panama	  Tall	  Costa	  Rica	   36_PNT	   Panama	   PAN	  77	   Panama	   Panama	  Tall	  Aguadulce	   50_PNT	   Panama	   PAN	  78	   Panama	   Panama	  Tall	   60_PNT	   Panama	   PAN	  79	   Panama	   Panama	  Tall	  Aguadulce	   62_PNT	   Panama	   PAN	  80	   Australasia	   Vailala	  Tall	   09_VLT	   Papua	  New	  Guinea	   PNG	  81	   Australasia	   Markam	  Valley	  Tall	   10_MVT	   Papua	  New	  Guinea	   PNG	  82	   Australasia	   Kiwai	  Tall	   21_KWT	   Papua	  New	  Guinea	   PNG	  83	   Australasia	   East	  Sepik	  Tall	   32_ELT	   Papua	  New	  Guinea	   PNG	  84	   Australasia	   West	  New	  Britain	  Tall	   33_WLT	   Papua	  New	  Guinea	   PNG	  85	   Australasia	   Baibarra	  Tall	   43_BBRT	   Papua	  New	  Guinea	   PNG	  86	   Australasia	   New	  Ireland	  Tall	   46_NLT	   Papua	  New	  Guinea	   PNG	  87	   Australasia	   HihishuTall	   56_HLT	   Papua	  New	  Guinea	   PNG	  88	   Australasia	   Madang	  Yellow	  Tall	   69_MADY	   Papua	  New	  Guinea	   PNG	  89	   Australasia	   Karkar	  Tall	   71_KKT	   Papua	  New	  Guinea	   PNG	  90	   Australasia	   Poligolo	  Tall	   80_PLT	   Papua	  New	  Guinea	   PNG	  91	   Australasia	   Karkar	  Tall	   93_KKT	   Papua	  New	  Guinea	   PNG	  92	   Southeast	  Asia	   Kapatangan	  Green	  	  Dw.	   06_KAPD	   Philippines	   PHL	  93	   Southeast	  Asia	   Macapuno	  Tall	   12_MACT	   Philippines	   PHL	  94	   Southeast	  Asia	   Baybay	  Tall	   15_BAYT	   Philippines	   PHL	  95	   Southeast	  Asia	   San	  Ramon	  Tall	   19_SNRT	   Philippines	   PHL	  96	   Southeast	  Asia	   Tacunan	  Green	  Dwarf	   29_TACD	   Philippines	   PHL	  97	   Southeast	  Asia	   Pilipog	  Green	  Dwarf	   41_PILD	   Philippines	   PHL	  98	   Southeast	  Asia	   Catigan	  Green	  Dwarf	   29_CATD	   Philippines	   PHL	  99	   Southeast	  Asia	   Tagnanan	  Tall	  	   61_TAGT	   Philippines	   PHL	  100	   Southeast	  Asia	   Ballesteros	  Tall	   90_BALT	   Philippines	   PHL	  101	   Indo-­‐Atlantic	   Seychelles	  Tall	   17_SEY	   Seychelles	   SEY	  102	   Indo-­‐Atlantic	   Seychelles	  Tall	   108_SEY	   Seychelles	   SEY	  103	   Indo-­‐Atlantic	   Seychelles	  Tall	   112_SEY	   Seychelles	   SEY	  104	   Indo-­‐Atlantic	   Seychelles	  Tall	   118_SEY	   Seychelles	   SEY	  105	   South	  Pacific	   Solomon	  Island	  Tall	   38_SIT	   Solomons	   SOL	  106	   South	  Pacific	   Rennell	  Island	  Tall	   73_RIT	   Solomons	   SOL	  107	   South	  Pacific	   Niu	  mweta	   113_SOL	   Solomons	   SOL	  108	   South	  Pacific	   Niu	  marawa	   114_SOL	   Solomons	   SOL	  109	   South	  Pacific	   Niu	  marawa	   115_SOL	   Solomons	   SOL	  110	   South	  Pacific	   Niu	  mera	   116_SOL	   Solomons	   SOL	  111	   South	  Pacific	   Niu	  mafu	   117_SOL	   Solomons	   SOL	  112	   South	  Pacific	   Niu	  tangarau	   119_SOL	   Solomons	   SOL	  113	   South	  Pacific	   Niu	  fara	   120_SOL	   Solomons	   SOL	  114	   South	  Pacific	   Niu	  ngasi	   121_SOL	   Solomons	   SOL	  115	   Indo-­‐Atlantic	   Sri	  Lanka	  Tall	   42_SLT	   Sri	  Lanka	   LKA	  116	   Indo-­‐Atlantic	   Pumila	  Green	  Dwarf	   53_PGD	   Sri	  Lanka	   LKA	  117	   Indo-­‐Atlantic	   Sri	  Lanka	  Tall	   54_SLT	   Sri	  Lanka	   LKA	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118	   Indo-­‐Atlantic	   Rath	  Thembili	  	   66_RTB	   Sri	  Lanka	   LKA	  119	   Indo-­‐Atlantic	   East	  African	  Tall	   47_EAT	   Tanzania	   TZA	  120	   Indo-­‐Atlantic	   East	  African	  Tall	   59_EAT	   Tanzania	   TZA	  121	   Indo-­‐Atlantic	   East	  African	  Tall	   78_EAT	   Tanzania	   TZA	  122	   Southeast	  Asia	   Aromatic	  Green	  Dwarf	   23_AROD	   Thailand	   THD	  123	   Southeast	  Asia	   Thailand	  Green	  Dwarf	   84_THD	   Thailand	   THD	  124	   South	  Pacific	   Niu	  mea	   109_TIK	   Tikopia	   TIK	  125	   South	  Pacific	   Niu	  mea	   110_TIK	   Tikopia	   TIK	  126	   South	  Pacific	   Niu	  uvea	   111_TIK	   Tikopia	   TIK	  127	   South	  Pacific	   Tonga	  Tall	   75_TONT	   Tonga	   TON	  128	   South	  Pacific	   Tuvalu	  Tall	   91_TUV	   Tuvalu	   TUV	  129	   South	  Pacific	   Tuvalu	  Tall	   08_TUV	   Tuvalu	   TUV	  130	   South	  Pacific	  	   Vanuatu	  Red	  Dwarf	   39_VRD	   Vanuatu	   VUT	  131	   South	  Pacific	   Vanuatu	  Tall	   72_VTT	   Vanuatu	   VUT	  132	   South	  Pacific	  	   Nean	  anelec	   122_VTT	   Vanuatu	   VUT	  133	   South	  Pacific	   Nean	  iwyeugd	   123_VTT	   Vanuatu	   VUT	  134	   South	  Pacific	   Nean	  rek	   124_VTT	   Vanuatu	   VUT	  135	   South	  Pacific	   Nean	  imtanor	   125_VTT	   Vanuatu	   VUT	  136	   South	  Pacific	   Nean	  nohan	   126_VTT	   Vanuatu	   VUT	  137	   South	  Pacific	  	   Nean	  apojev	   127_VTT	   Vanuatu	   VUT	  138	   South	  Pacific	   Nean	  induaa	  inpuad	   128_VTT	   Vanuatu	   VUT	  139	   South	  Pacific	   Syagrus	  amara	   S.	  AMA	   West	  Indies	   WI	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